Burkholderia mallei is the causative agent of glanders, an incapacitating disease with high mortality rates in respiratory cases. Its endemicity and ineffective treatment options emphasize its public health threat and highlight the need for a vaccine. Live attenuated vaccines are considered the most viable vaccine strategy for Burkholderia, but single-gene-deletion mutants have not provided complete protection. In this study, we constructed the select-agent-excluded B. mallei ⌬tonB ⌬hcp1 (CLH001) vaccine strain and investigated its ability to protect against acute respiratory glanders. Here we show that CLH001 is attenuated, safe, and effective at protecting against lethal B. mallei challenge. Intranasal administration of CLH001 to BALB/c and NOD SCID gamma (NSG) mice resulted in complete survival without detectable colonization or abnormal organ histopathology. Additionally, BALB/c mice intranasally immunized with CLH001 in a prime/boost regimen were fully protected against lethal challenge with the B. mallei lux (CSM001) wild-type strain.
B
urkholderia mallei, the causative agent of glanders, is a Gramnegative, obligate mammalian pathogen. Glanders is primarily a disease of solipeds, with rare cases occurring among humans (1, 2) . Naturally acquired human cases occur in areas of endemicity, particularly among those exposed to infected solipeds (2) (3) (4) . Additionally, cases have been reported among laboratory workers (5, 6) . The World Organization for Animal Health coordinates ongoing efforts toward worldwide eradication; however, regional endemicity still exists in Africa, Asia, the Middle East, and South America (2) . Recent equid outbreaks in the Middle East and Asia (7-9) set the stage for possible glanders reintroduction into disease-free regions; as a result, glanders has been classified as a reemerging disease.
Glanders is a debilitating and often fatal disease transmitted via cutaneous and respiratory routes. Disease course and severity are route dependent, with respiratory cases being the most severe (3) . Respiratory infection is characterized by rapid onset of symptoms, including fever, lymphadenopathy, pulmonary abscesses, pneumonia, disseminated organ infection, and, ultimately, septicemia (3, 5, 10) . Because of the high incidence of septicemia following respiratory infection, fatality rates in human respiratory cases have been estimated at 90% without treatment and 40% with aggressive antibiotic therapy (11) .
The use of B. mallei as a biothreat agent has been documented in different world military conflicts (10, 12, 13) . Its amenability to aerosolization, low infectious dose, high case fatality rate, and high-level antibiotic resistance make B. mallei a top candidate for malevolent use (1, 10) . Because of its perceived public health threat, the Department of Health and Human Services has categorized B. mallei as a tier 1 select agent. The lack of effective treatments against these bacteria highlights the need for an effective vaccine. Numerous vaccine strategies have been tested; however, to date there are no approved vaccines and the search for a candidate that can provide sterilizing immunity has proven difficult.
Live attenuated vaccines, the use of which is regarded as the most viable strategy against B. mallei, have been tested with some success (14) (15) (16) (17) . Recently, our laboratory evaluated an iron acquisition-deficient B. mallei ⌬tonB (TMM001) strain for use as a live attenuated vaccine in acute inhalational glanders and melioidosis (B. pseudomallei) murine models. BALB/c mice intranasally (i.n.) vaccinated with TMM001 at 1.5 ϫ 10 5 and 1.5 ϫ 10 4 CFU doses and i.n. challenged with 1.5 ϫ 10 4 CFU of B. mallei strain lux (CSM001) had survival rates of 100% and 75%, respectively. Necropsy and organ CFU enumeration showed that all mice had splenomegaly and splenic abscesses due to TMM001 colonization (16) . This study was significant because it revealed the first attenuated strain to provide 100% and 75% survival against B. mallei and B. pseudomallei challenge, respectively. However, the persistence of TMM001 poses a significant safety concern. In an effort to achieve increased safety while still maintaining protection, we utilized the TMM001 strain as a platform for additional gene deletion.
Type six secretion systems (T6SSs) are highly conserved among Gram-negative bacteria (18, 19) , and the essential role of T6SS cluster 1 (T6SS-1) genes in the virulence of B. mallei was demonstrated using rodent models of infection (20) . Further, the hemolysin coregulated protein (Hcp1) of T6SS-1 serves as both a structural component and a secreted protein which plays an important role in T6SS-1 function and B. mallei pathogenesis (18, 20, 21) . Deletion of the T6SS apparatus components (including the hcp1 gene) resulted in B. mallei and B. pseudomallei mutants that exhibited significant impairment in intracellular growth, intracellu-lar spread, and multinucleated giant cell (MNGC) formation (21, 22) . MNGC formation is characteristic of B. mallei and B. pseudomallei infections and has been detected in eukaryotic cell culture as well as in animal models of infection (21, 23, 24) . MNGCs are believed to be involved in the ability of these organisms to establish persistent infections by allowing intracellular spread and immune evasion (1, 22, 25) . We predicted that deletion of both the hcp1 and tonB genes of B. mallei would produce a strain more susceptible to host clearance, resulting in a safer and yet fully protective vaccine.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this study are listed in Table 1 . Escherichia coli cells were grown in LuriaBertani (LB) media at 37°C. All manipulations of B. mallei strains were conducted in CDC-approved and -registered biosafety level 3 (BSL3) or CDC/USDA-approved and -registered animal biosafety level 3 (ABSL3) facilities at the University of Texas Medical Branch, and experiments were performed in accordance with standard select agent operating practices. B. mallei strains were taken from freezer stocks, plated on LB agar containing 4% glycerol (LBG) and 200 M FeSO 4 , and incubated 37°C for 3 days. For liquid cultures, 2 to 3 colonies were inoculated into 20 ml of LBG broth. Liquid cultures were then incubated overnight (18 h) at 37°C with agitation (200 rpm). Challenge and vaccination doses were prepared from overnight LBG cultures and diluted in phosphate-buffered saline (PBS) in a total volume of 50 l (25 l/naris).
Construction of B. mallei ⌬hcp1 and ⌬tonB ⌬hcp1 mutants. The B. mallei ⌬tonB ⌬hcp1 (CLH001) and ⌬hcp1 (CLH002) mutants were developed using a donor strain and a plasmid strain donated by Mary Burtnick (University of South Alabama). The donor strain was a chemically competent E. coli S17-1 pir strain containing a pMo130⌬NX plasmid designed to introduce a 162-bp intragenic in-frame deletion in the hcp1 gene (22) . The CLH002 mutant was created by introducing the plasmid from the donor strain into B. mallei 23344 via biparental mating. Deletion mutants were isolated by selection on kanamycin (Km) agar plates, followed by counterselection on 5% sucrose-yeast extract-tryptone (YT) agar supplemented with 200 M FeSO 4 . The CLH001 mutant was created by introducing the plasmid into B. mallei TMM001 via conjugal transfer and repeating the screening and confirmation process described above. The ⌬hcp1 mutation was then confirmed via PCR amplification, followed by sequencing, of the hcp1 gene using the following primers: forward primer, ATG CTG GCC GGA ATA TAT CTC; reverse primer, GCC ATT CGT CCA GTT TGC GG.
Animal studies. All animal experiments were performed using female 6-to 8-week-old BALB/c mice or NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ (NOD SCID gamma [NSG]) mice obtained from Charles River (Wilmington, MA, USA). BALB/c mice are a common model for the study of acute B. mallei and B. pseudomallei infections, as BALB/c mice are highly susceptible and succumb to infection at doses which are comparable to those observed in humans. The NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ or NSG mouse is a mutant mouse which combines the severe combined immune deficiency (SCID) mutation and an interleukin-1 (IL-2) receptor gamma chain deficiency which disables cytokine signaling. This is considered the most highly immunocompromised mouse model, as it lacks mature B cells, T cells, and functional NK cells and is deficient in cytokine signaling. As such, this mouse model was used to assess the safety of CLH001 vaccination. Mice were housed in microisolator cages under pathogen-free conditions, provided with rodent feed and water ad libitum, and maintained on a 12-h light cycle. To allow adequate acclimation, mice were housed within the animal facility for 1 week prior to experimentation. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Animal Care and Use Committee of the University of Texas Medical Branch (protocol no. 0503014B).
Survival study. Anesthetized BALB/c mice (n ϭ 11) were challenged i.n. with 1.5 ϫ 10 4 CFU of a B. mallei luminescent reporter strain (CSM001) or isogenic mutants TMM001, CLH002, or CLH001. The challenge dose for each strain, 1.5 ϫ 10 4 CFU, was equivalent to 22 50% lethal doses (LD 50 ) of CSM001. At day 2 postinfection, mice (n ϭ 3) were euthanized and their lungs, livers, and spleens were aseptically harvested for CFU enumeration. The remaining BALB/c mice (n ϭ 8) were monitored for survival for 21 days. Survival curves were generated and analyzed using the Kaplan-Meier method, and significant differences in survival curves were ascertained via a log rank test. At the 21-day experimental endpoint, the surviving animals (n ϭ 8 for the TMM001, CLH001, and CLH002 groups) were euthanized and the lungs, livers, and spleens were aseptically harvested. The lungs, livers, and spleens were plated for CFU enumeration (n ϭ 5) or histopathological evaluation (n ϭ 3).
Immunocompromised mouse survival study. Anesthetized NSG mice (n ϭ 10) were i.n. challenged with 1.5 ϫ 10 4 CFU of either CSM001 (n ϭ 4) or CLH001 (n ϭ 6). The challenge dose for each strain, 1.5 ϫ 10 4 CFU, was equivalent to 22 LD 50 of CSM001. The mice were monitored for survival for 21 days. Survival curves were generated and analyzed using the Kaplan-Meier method. Significant differences in survival curves were ascertained via a log rank test. At the 21-day experimental endpoint, the surviving animals (n ϭ 6 for CLH001) were euthanized and the lungs, livers, and spleens were aseptically harvested. Organs were plated for CFU enumeration (n ϭ 4) or histopathological evaluation (n ϭ 2).
Prime and boost vaccination study. Anesthetized BALB/c mice (n ϭ 11) were administered a series of three i.n. vaccinations consisting of 50 l PBS or 1.5 ϫ 10 4 CFU or 1.5 ϫ 10 5 CFU of CLH001 at 2-week intervals (days Ϫ49, Ϫ35, and Ϫ21 prechallenge). At days Ϫ35, Ϫ21, and Ϫ1 prechallenge, mice (n ϭ 3) were anesthetized and retro-orbital blood was collected for antibody (Ab) analysis. On day 0 prior to challenge, mice (n ϭ 3) were euthanized and lungs, livers, and spleens were aseptically removed. Organs from the PBS-vaccinated mice were submitted for histopathological analysis, and the organs from the CLH001-vaccinated groups were plated for CFU enumeration. The remaining BALB/c mice (n ϭ 8) were i.n. challenged with 1.5 ϫ 10 4 CFU (22 LD 50 ) of CSM001. BALB/c mice were monitored for survival for 35 days. Survival curves were generated and analyzed using the Kaplan-Meier method. Significant differences (P Յ 0.05) were ascertained via a log rank test. To determine significant differences in individual treatment results compared to those seen with the PBS-treatment control, an additional log rank test was em- ployed using an adjusted definition of significance (P Յ 0.05 of pairwise comparisons). At the 35-day experimental endpoint, the surviving animals (n ϭ 5 for CLH001 [1.5 ϫ 10 4 CFU] and n ϭ 8 for CLH001 [1.5 ϫ 10
5 CFU]) were euthanized and the organs were aseptically harvested. Lungs, livers, and spleens were plated for CFU enumeration (n ϭ 3 for CLH001 [1.5 ϫ 10
4 CFU] and n ϭ 5 for CLH001 [1.5 ϫ 10 5 CFU]) and submitted for histopathological evaluation (n ϭ 2 for CLH001 [1.5 ϫ 10 4 CFU] and n ϭ 3 for CLH001 [1.5 ϫ 10
5 CFU]). High-dose B. mallei ATCC 23344 challenge prime and boost vaccination study. Anesthetized BALB/c mice (n ϭ 8 for control group and n ϭ 11 for vaccine group) were administered a series of three i.n. vaccinations consisting of 50 l PBS or 1.5 ϫ 10 5 CFU of CLH001 at 2-week intervals (days Ϫ49, Ϫ35, and Ϫ21 prechallenge). At days Ϫ35, Ϫ21, and Ϫ1 prechallenge, mice (n ϭ 3) were anesthetized and retro-orbital blood was collected for antibody analysis. On day 0 prior to challenge, mice (n ϭ 3 from the CLH001-vaccinated group and n ϭ 3 from the PBS-vaccinated group) were euthanized and their lungs, livers, and spleens were aseptically removed. Organs from the PBS-vaccinated mice were placed in formalin for histopathological analysis, while organs from the CLH001-vaccinated groups were plated for CFU enumeration. The remaining BALB/c mice (n ϭ 8) were i.n. challenged with 3.5 ϫ 10 5 CFU (140 LD 50 ) of B. mallei ATCC 23344. BALB/c mice were monitored for survival for 35 days. Survival curves were generated and analyzed using the Kaplan-Meier method. Significant differences (P Յ 0.05) were ascertained via a log rank test. Additionally, at 35 days (experimental endpoint), the surviving animals (n ϭ 7 from CLH001-vaccinated group) were euthanized and the lungs, livers, and spleens were aseptically harvested and plated for CFU enumeration (n ϭ 4). The remaining sets of organs (n ϭ 3) were placed in formalin for histopathological evaluation.
Organ CFU enumeration. The lungs, livers, and spleens were homogenized in 1 ml of PBS using a tissue grinder (Covidien, Mansfield, MA). Ten-fold serial dilutions of the homogenate were made in PBS, and 100 l of each dilution was plated on 100-mm-diameter LBG plates supplemented with 200 M FeSO 4 (LBG with FeSO 4 ). For each organ, 500 l of the remaining organ homogenate was plated on a 150-mm-diameter LBG plate with FeSO 4 to increase culture sensitivity. Since CLH001 contains a ⌬tonB mutation that results in poor growth in the absence of free iron supplementation, LBG medium with FeSO 4 was used to maximize recovery, if any, of the CLH001 vaccine strain. The resulting plates were incubated for 96 h at 37°C, and their contents were enumerated by a standard plate count method and are reported as CFU per organ. The sensitivity of the plating method for bacterial detection was approximately Յ10 CFU per organ.
Histopathological evaluation. At the indicated time points, anesthetized BALB/c mice were euthanized and lungs, livers, and spleens were collected. Organs were placed in 10% formalin, paraffin embedded, and processed for histopathology. Hematoxylin-and-eosin-stained slides were examined for the presence or absence of perivascular and peribronchial infiltrates, necrosis, and microabscesses in lungs, granulomas and necrosis in livers, and inflammation and necrosis in spleens and were scored in a blind manner by a pathologist on the basis of disease severity using the following scale: 0, unremarkable; 1, minimal; 2, mild; 3, moderate; 4, severe. Student's t test was performed to ascertain significant differences in histopathological scores between individual treatments compared to the results determined for the PBS treatment control or naive mice for each organ.
B. mallei-specific IgG total, IgG1, and IgG2a antibody analysis. Whole blood was collected via retro-orbital bleeding of anesthetized BALB/c mice. The blood was stored in Microvette tubes without anticoagulant and incubated at room temperature for 20 min to permit clotting. Following centrifugation, serum was collected and stored at Ϫ80°C. Samples were inactivated by gamma irradiation using a JL Shepherd model 109-68 Cobalt-60 research irradiator (JL Shepherd & Associates, San Fernando, CA). Samples were irradiated on dry ice until 5 megarads (MRAD) of exposure was reached, and sterility was verified by plating 10% of the serum volume on LBG with FeSO 4 . Irradiated serum from PBS or vaccinated BALB/c mice was evaluated for B. mallei-specific total IgG, IgG1, and IgG2a using an enzyme-linked immunosorbent assay (ELISA) performed in 96-well Costar high-binding microplates (Corning, Inc., Corning, NY). Briefly, irradiated B. mallei was diluted to a concentration of 10 g/ml in 1ϫ PBS and wells were coated with 100 l/well of diluted suspension and incubated overnight at 4°C. Wells were washed twice with wash buffer (1ϫ PBS containing 0.05% Tween 20) and incubated with 250 l of blocking solution (1ϫ PBS, 1% bovine serum albumin, 0.05% Tween 20) for 2 h at room temperature (RT). After blocking, plates were washed twice with wash buffer. Two-fold dilutions of mouse sera were made with sample diluent (1ϫ PBS, 0.5% bovine serum albumin, and 0.05% Tween 20) in triplicate. A 100-l volume of diluted sera was added to sample wells along with 100 l of 1:10,000 anti-Ig class or subclass horseradish peroxidase conjugate (Southern Biotechnology Associates, Inc., Birmingham, AL), and plates were incubated at RT for 2 h. The plates were washed four times with wash buffer prior to addition of 100 l of tetramethylbenzidine (TMB) substrate solution (eBioscience, Inc., San Diego, CA). After 15 min, 100 l of stop solution (2 N H 2 SO 4 ) was added and the wells were read at 450 nm using an Epoch microplate spectrophotometer (BioTek Instruments, Inc., Winooski, VT). The results were reported as the reciprocal of the highest titer giving an optical density (OD) reading of at least 0.1, which was at least twice the background Ϯ 1 standard deviation (SD). All assays were performed in triplicate, and results were reported as the mean reciprocal endpoint titer Ϯ SD.
Serum bactericidal assay. An overnight culture of B. mallei ATCC 23344 was diluted 1:100 in fresh LBG and grown to log phase (OD at 600 nm [OD 600 ] of 0.6). The bacterial concentration was adjusted to 1 ϫ 10 5 CFU/well in a 96-well plate and incubated with 30% heat-inactivated (56°C for 1 h), pooled strain CLH001 prime and boost vaccine serum (n ϭ 3) or 5 g/ml anti-B. mallei lipopolysaccharide (LPS) monoclonal antibody (MAb) 3d11 (AbD Serotec, Raleigh, NC) in LBG broth containing 22 l guinea pig complement (Sigma-Aldrich, St. Louis, MO). Bacteria incubated in LBG broth containing 30% heat-inactivated pooled naive serum (n ϭ 3) and 22 l guinea pig complement were used as a negative control. After 6 h of incubation (37°C and 135 rpm), 10-fold serial dilutions were plated on 100 mM LBG agar and incubated for 72 h at 37°C. The bacterial counts were reported as CFU counts per milliliter. Each experimental group was assayed in triplicate. Significant differences in bacterial survival between groups were determined using one-way analysis of variance (ANOVA).
RESULTS
To assess the in vivo attenuation of mutant strains, BALB/c mice were challenged with 1.5 ϫ 10 4 CFU of B. mallei ⌬tonB (TMM001), B. mallei ⌬hcp1 (CLH002), B. mallei ⌬tonB ⌬hcp1 (CLH001), or highly virulent B. mallei lux (CSM001). The challenge dose for each strain, 1.5 ϫ 10 4 CFU, was equivalent to 22 LD 50 of CSM001. All the animals infected with the CSM001 succumbed to infection by day 3 postchallenge. In contrast, all mice receiving TMM001, CLH002, or CLH001 survived to the end of the study (ૺૺૺૺ, P Ͻ 0.0001) (Fig. 1A) . At days 2 and 21 postchallenge, the lungs, spleens, and livers were removed, homogenized, and plated for CFU enumeration. At day 2 postchallenge, the CFU counts in organs from TMM001-, CLH002-, and CLH001-infected mice were greatly reduced compared to the counts in those from CSM001-infected mice (Fig. 1B to D) . At day 21 postchallenge, bacteria were not recovered from the lungs and livers of TMM001-, CLH002-, and CLH001-infected mice (Fig. 1B and C) . As previously observed (16) , high CFU numbers were recovered from the spleens of TMM001-infected mice (Fig. 1D) . In contrast, lower numbers of bacteria were recovered from the spleens of CLH002-infected mice and no bacteria were recovered from the spleens of mice receiving CLH001.
Results of histopathological analysis of the tissues (lungs, livers, and spleens) of mice challenged with the different strains were compared to the results from PBS-treated BALB/c mice (Fig. 2) . The organs of TMM001-infected mice presented with mild to moderate pathological changes, including mild perivascular and peribronchial inflammatory infiltrates in the lung sections (Fig.  2B) , foci of mild hepatocellular necrosis (Fig. 2F) , and mild to moderate necrosis of follicles visible in the spleen (Fig. 2J) . While the TMM001 organs generally exhibited increased abnormal findings relative to similar organs from the other treatment groups, only the spleens exhibited significant changes in histopathology compared to spleens from PBS-treated mice (ૺ, P ϭ 0.02) (Fig.  1G) , and minimal pathological changes were noted in lungs and livers ( Fig. 1E and F) . Overall, reduced pathological changes were noted in CLH002-challenged mice compared to TMM001-infected mice. The results seen with lungs of CLH002-challenged BALB/c mice were considered mostly unremarkable (Fig. 2C) , but the livers and spleens exhibited small foci of necrosis ( Fig. 2G and  K) . In contrast, the results seen with organs of mice vaccinated with CLH001 mutant were unremarkable, and the organs resembled organs from PBS-treated mice (Fig. 2D, H, and L) .
We further evaluated the safety of our CLH001 vaccine in NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ (NOD SCID gamma [NSG]) mice. The NSG mice are considered the most highly immunodeficient mouse available, and such immunodeficiency provides a practical model to test vaccine-associated morbidity and mortality. NSG mice challenged i.n. with 1.5 ϫ 10 4 CFU of CSM001 or CLH001 were used to evaluate persistence and/or dissemination to target organs. The challenge dose was equivalent to 22 LD 50 of CSM001. All mice challenged with CSM001 (n ϭ 4) succumbed to infection by day 3 postchallenge. In contrast, mice receiving CLH001 (n ϭ 6) survived to the end of the study (ૺૺ, P ϭ 0.0027) (Fig. 3A) . At 21 days postchallenge, the organs of surviving mice were evaluated for CFU and no bacteria were detected in the lungs, livers, or spleens (Fig. 3B) of any of the mice. Gross pathology and histology analysis of these organs indicated that the architecture was unremarkable compared to that of organs from an uninfected NSG mouse (data not shown).
Next, we evaluated whether CLH001 vaccination was protective against a lethal dose of CSM001 in BALB/c mice. Mice received a prime vaccination and two boost vaccinations (14 days apart) with 1.5 ϫ 10 4 or 1.5 ϫ 10 5 CFU of CLH001. Serum was collected from mice (n ϭ 3) at 2-week intervals following each prime and boost dose and compared to serum from TMM001-vaccinated mice. B. mallei-specific IgG, IgG2a, and IgG1 reciprocal endpoint titers were determined via indirect ELISA. A retrospective analysis of serum from TMM001-vaccinated mice found that the vaccine generated a strong B. mallei-specific IgG response (mean reciprocal endpoint titer ϭ 51,200 Ϯ 0) with a Th1 bias (IgG2a/IgG1 ratio, 4.4) ( Table 2 ). As predicted, CLH001-vaccinated mice developed an anamnestic response to all antibodies tested following each subsequent CLH001 vaccination at both doses. The sera previously subjected to the CLH001 (1.5 ϫ 10 5 CFU) prime and two boosts had the highest B. mallei-specific IgG total value for this vaccine and gave values similar to those seen in TMM001-vaccinated mice. Further, the observed Ն4.0 ratio of IgG2a/IgG1 has also been described as being favorable for protection (Table 2) (14, 15, 28, 29) . The BALB/c mice vaccinated with the prime and two boosts (PBS at the equivalent of 1.5 ϫ 10 4 CFU or CLH001 at 1.5 ϫ 10 5 CFU) were challenged with 1.5 ϫ10 4 CFU of CSM001. All PBS-treated mice succumbed to infection by day 5 postchallenge; however, animals vaccinated with the two CLH001 doses exhibited survival rates of 62.5% (ૺૺૺ, P Ͻ 0.0002) and 100% (ૺૺૺૺ, P Ͻ 0.0001), respectively, at the 35-day experimental endpoint (Fig. 4A ). Organs were collected 21 days postvaccination and 35 days postchallenge for CFU enumeration. Bacteria were not detected in the lungs, livers, or spleens (Fig. 4B) of any of the mice tested. Additionally, gross pathology and histology analysis of these organs collected at 35 days postchallenge indicated that the architecture was mostly unremarkable compared to that of organs from PBS-treated uninfected mice (data not shown).
Next, we evaluated whether CLH001 was protective against high-dose challenge with B. mallei wild-type strain ATCC 23344. a Antibody titers were determined at 2 weeks after primary vaccination (P), 2 weeks after first boost (B), and 3 weeks after second boost (2B). PBS control animals were vaccinated with 50 l of PBS. Data from TMM001-vaccinated animals (prime vaccination only) are included for comparison. b To determine serum antibody titers, sera from 3 mice/group were tested by indirect ELISA with irradiated B. mallei ATCC 23344 whole cells used as the antigen. Titer determinations were performed in triplicate, and data are reported as the mean reciprocal endpoint titers Ϯ standard deviations (SD). ND, not detected, because titers less than or equal to 100 were considered to represent negative results.
BALB/c mice were administered a prime and two boosts (14 days apart) with PBS or 1.5 ϫ 10 5 CFU of CLH001 and were challenged with 3.5 ϫ 10 5 CFU (140 LD 50 ) of B. mallei 23344 at 21 days after the last vaccine boost. B. mallei-specific IgG, IgG2a, and IgG1 reciprocal endpoint titers from sera collected 2 weeks following each vaccination closely mimicked those seen in the previous vaccination experiment that had used the prime and two boosts (data not shown). All PBS-treated mice succumbed to infection, and survival was maintained at 87.5% (ૺૺૺૺ, P Ͻ 0.0001) in CLH001-vaccinated mice until the experimental endpoint (Fig. 5A) . Although bacteria were not detected in the lungs, livers, or spleens (Fig. 5B) of any of the mice at day 21 postvaccination or in the lungs (Fig. 5B) (Fig. 5D ). The correlation between higher levels of B. mallei-specific antibodies in animals vaccinated with CLH001 at 1.5 ϫ 10 5 CFU and increased survival rates led us to hypothesize that antibodies likely play an important role in protection. As such, we performed a serum bactericidal assay to evaluate whether antibodies from CLH001-vaccinated mice were able to reduce bacterial burden. B. mallei ATCC 23344 was incubated in LBG media containing guinea pig complement and one of the following: heat-inactivated naive sera, heat-inactivated CLH001 sera, or anti-B. mallei LPS monoclonal antibody (anti-LPS MAb). The number of bacteria grown in the presence of naive serum indicated nearly a 6-fold increase over the initial bacterial concentration; meanwhile, the number of bacteria grown in the presence of CLH001 sera or anti-LPS MAb decreased below the initial bacterial concentration and represented significantly fewer bacteria than the level in the naive serum culture (ૺૺ, P ϭ 0.0062 and P ϭ 0.0063 for these groups, respectively) (Fig. 6) .
DISCUSSION
This study evaluated a B. mallei double deletion mutant as a live attenuated vaccine candidate. Overall, our data indicate that the addition of the ⌬hcp1 deletion to the TMM001 strain was successful in addressing the persistence issue associated with the TMM001 backbone strain (16) . In all survival and vaccination studies performed (including the NSG mouse study), the vaccine strain was cleared from all target organs by 21 days postadministration. Additionally, histopathology analysis of target organs from animals receiving this vaccine strain showed unremarkable tissue sections. In this study, we have demonstrated that CLH001 is attenuated in vivo. The additional gene deletion in the CLH001 strain provides increased safety and added protection against wild-type reversion; as a result, this has become the first B. mallei strain to be excluded from the U.S. Federal Select Agent Program. This exclusion provides an obvious advantage by allowing further vaccine characterization and optimization work to be performed more cost effectively and expeditiously in biosafety level 2 laboratories.
Another advantage of this double mutant is that, unlike the TMM001 backbone strain, its attenuation is not solely dependent on the organism's inability to take up bound iron sources. Virulence of the TMM001 strain has been shown to be partially restored when free iron is supplied (16) . Approximately 1% of the Caucasian population suffers from hemochromatosis, an inherited genetic defect resulting in excess free iron. Administration of an iron-deficient strain such as TMM001 to this population could potentially result in adverse effects; however, the additional gene deletion in CLH001 eliminates this safety concern. Although not tested for protection against B. mallei challenge, mice given 1.5 ϫ 10 4 CFU of the CLH002 strain (⌬hcp1 mutant) showed 100% survival, complete clearance of the lungs and liver, minimal splenic colonization, and minimal liver and spleen histopathology. Taken together, our results indicate that CLH001 may be sufficiently attenuated to be tolerated if inadvertently administered to this population subset.
A number of vaccine studies have examined the correlation between a vaccine's ability to generate high B. mallei-specific IgG titers and a Th1-driven immune response (IgG2a/IgG1 ratio of Ն1) and its ability to provide protection against B. mallei infection (14, 15, 28, 29) . Our report supports the results of those studies, with the greatest protection observed in vaccinated mice (1.5 ϫ 10 5 CFU of CLH001) with the highest IgG total titers and IgG2a/ IgG1 ratios. This correlation, along with the fact that CLH001-vaccinated serum was able to reduce viable bacterial counts when cocultured with B. mallei, provides evidence that this live attenuated vaccine stimulates a strong humoral response that is at least partially responsible for protection. However, it is widely accepted that the generation of a robust but appropriate cellular response is also important for protection (30) (31) (32) (33) . Therefore, the select agent exclusion status of CLH001 will accelerate experiments to characterize the cellular responses to the vaccine, such as adoptive transfer, T cell recall, and T cell proliferation.
CLH001 represents the first Burkholderia vaccine that approaches sterile immunity against high doses of the B. mallei CSM001 strain. As such, its inability to provide complete protection and prevent colonization with B. mallei ATCC 23344 was unexpected. It is likely that the high challenge dose used was able to overwhelm the immune response generated by CLH001 using our current vaccination regimen. The challenge dose given in this experiment represents a 20-fold increase over the dose of CSM001 bacteria used to challenge in the initial experiment. Although it is evident that further vaccine optimization is required, CLH001 exhibits safety and protection superior to that seen with other previously tested vaccines (30) (31) (32) (33) . Future optimization will focus on reducing the number of boosts and determining the ideal vaccine dose that will protect against higher dosages of B. mallei 23344 and other B. mallei strains. This vaccine also has the potential to provide cross-protection against other Burkholderia strains, since a pilot study demonstrated that CLH001 was partially protective against a lethal dose of B. pseudomallei K96243 (data not shown). The high antibody titers and significant protection achieved in this study provide a rationale for vaccine optimization, including increasing the CLH001 vaccine dosage, testing alternative vaccination routes, and/or adding an adjuvant to maximize immune responses. Silva et al. demonstrated that administration of a live attenuated vaccine via the subcutaneous route using the closely related organism B. pseudomallei resulted in vigorous recruitment of professional antigen-presenting cells (APCs) 5 CFU of B. mallei 23344 and guinea pig complement plus heat-inactivated naive sera, heat-inactivated CLH001 sera, or anti-B. mallei LPS monoclonal antibody. After 6 h, samples were serially diluted and plated to determine CFU counts per milliliter. Experiments were performed in triplicate.
and stimulated a robust humoral response capable of providing partial protection against lethal i.n. dose challenge with B. pseudomallei (34) . Although it is not clear whether it is superior to i.n. vaccination in terms of protection, this route of vaccination represents a more conventional and acceptable vaccination method that warrants exploration with strain CLH001. Adjuvants are commonly incorporated into vaccine formulations to increase and/or tailor innate, adaptive, and humoral responses. Although our vaccine was not fully protective in the second trial, it is possible that the cellular response elicited by CLH001 was insufficient. Inclusion of the appropriate adjuvant in our vaccination formulation may increase the magnitude of the cellular response generated by CLH001 vaccination alone. One such adjuvant that has shown promise in B. mallei and B. pseudomallei vaccine formulations and prophylactic therapy is CpG oligodeoxynucleotide (CpG ODN) (35, 36) . The CpG ODN is a Toll-like receptor 9 (TLR9) agonist that has been shown to activate B and NK cells, stimulate antibody production, and drive Th1 cell development (37) . Incorporating an adjuvant such as CpG into our vaccine formulation has the potential to increase protection and reduce the number of required vaccine dosages by stimulating a more robust Th1-biased humoral and cellular response(s). We are confident that continued optimization of this CHL001 strain will result in a live attenuated strain that can be advanced into preclinical studies.
